The behavior of copper(II) complexes of pentane-2,4-dione and 1,1,1,5,5,5-hexafluoro-2,4-pentanedione, [Cu(acac) 2 ] (1) and [Cu(HFacac) 2 (H 2 O)] (2), in ionic liquids and molecular organic solvents, was studied by spectroscopic and electrochemical techniques.
Introduction
Room temperature ionic liquids (ILs) are nowadays considered good alternatives to volatile organic solvents since they have appealing properties such as very low vapor pressure, high thermal stability, broad liquid temperature range, and high solvation power for a large range of organic compounds and catalysts, including Lewis acids [1] . The coordinating ability of an ionic liquid is a very important property particularly if a catalyst needs to coordinate a substrate for the catalytic reaction to occur. It has been shown that this depends mainly on the ionic liquid anion [2, 3] . Several methods have been applied to evaluate the coordination ability of ionic liquid anions, the simplest one being the measurement of the absorption spectra of solvatochromic dyes. These are compounds that are sensitive to specific and/or non-specific interactions with the solvent. Their electronic absorption spectrum changes with the solvent's polarity and several probes have been used to evaluate interactions with ionic liquids, particularly the following transition metal complexes: [Fe(phen) 2 [6] , where phen = 1,10 0 -phenanthroline, acac = acetylacetone, tmen = N,N,N 0 ,N 0 -tetramethylethylenediamine, BPh 4 = tetraphenylborate and NTf 2 = bis(trifluoromethylsulfonyl)imide.
The lowest energy dÀd band of the square planar cation [Cu(acac)(tmen)][BPh 4 ] can be correlated with solvent donor numbers. [7] The shift in this band results from the d-orbital splitting of copper(II) when the complex becomes five or six coordinated. The results for ionic liquids showed that the spectroscopic shift was entirely independent of the nature of the cation and was only dependent on the anion [3] . The basicity order obtained for the studied IL anions was PF À 6 < NTf À 2 < OTf À . Our group reported on the structural characterization of vanadyl acetylacetonate in imidazolium room temperature ionic liquids, and showed that [VO(acac) 2 ] is solvatochromic in the selected ionic liquids and behaves as in molecular organic solvents, suggesting coordination of the ionic liquid anion in the solvents with higher coordinating ability [8] . The Lewis basicity order obtained for the reported ionic liquid anions was PF À 6 < NTf À 2 < OTf À % MeCO À 2 < MeSO À 4 < BF À 4 % NðCNÞ À 2 < Me 2 PO À 4 , which is similar to the one obtained by Wasserscheid et al. [2] .
Bis(acetylacetonato)copper(II), [Cu(acac) 2 ], is a very common and stable transition metal complex. It is quite easy to prepare and shows simple magnetic and spectral properties. This paper reports an investigation on the effect of the solvent, in particular ionic liquids, on the visible absorption spectra and on the electron paramagnetic resonance (EPR) parameters of [Cu(acac) 2 ] and [Cu(HFacac) 2 (H 2 O)] [HFacac = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione]. These complexes are soluble in a wide variety of organic solvents, in contrast to the copper halides, and therefore are good probes to evaluate the solvation ability of the ionic liquids. Moreover, its electrochemical behavior in selected ionic liquids is also studied. Neat organic solvents were used for comparison purposes.
The X-ray structure of [Cu(acac) 2 ] [9] [10] [11] shows the two acetylacetonate molecules chelated to the copper ion by the four oxygen atoms, which are located on the plane. The symmetry of the molecule is D 2h (sometimes approximated as D 4h ), and all copper-oxygen distances are identical. On the other hand, the crystal structure of anhydrous [Cu(HFacac) 2 ] contains square-planar molecules with close intermolecular CuAF contacts [12, 13] .
It is known that the bonding in a complex can be strongly influenced by the nature of the surroundings, namely the solvent. EPR is a helpful spectroscopic tool for the evaluation of the coordination in paramagnetic metal complexes. Copper(II) has an unpaired electron in a d 9 electronic configuration with a nuclear spin of 3/2 (for the two stable isotopes 63 Cu and 65 Cu). The spin Hamiltonian parameters -g value and hyperfine coupling constant, A -are strongly influenced by the ligand donor atoms. Moreover, coordination of solvent molecules or anions in the apical positions of square planar copper complexes, increases the Cu-donor atom bond length, decreasing the A z value and increasing the g z value [14] .
In this report we present the structural characterization of [Cu(acac) 2 ] and [Cu(HFacac) 2 ] by Vis and EPR spectroscopies, and electrochemistry, in organic solvents and ionic liquids. Well-resolved EPR spectra were obtained in most solvents.
Results and discussion

Characterization of the ionic liquids
The ionic liquids chosen for this study are constituted by the ions shown in Scheme 1. They are mainly derived from bmim + (1-butyl-3-methylimidazolium) with different anions. For the sake of cation comparison bmpyNTf 2 (bmpy + = 1-butyl-3-methylpyrrolidinium) was also used. The preparation and spectral data for the ionic liquids have been described elsewhere. [8, 15] The procedure used in the preparation and/or purification is able to afford colorless liquids, suitable for spectroscopic studies. The analytic characterization showed the absence of impurities, such as residual chloride, which could change the solvation properties. Before using, these ILs were dried for at least 48 h in vacuum at 50°C. The water content was measured by Karl Fischer coulometer analysis. For hydrophobic ILs the values did not exceed 400 ppm, but for the most hygroscopic they can reach 3100 ppm, which in terms of water concentration corresponds to 0.18 M.
Characterization of the copper(II) complexes
The copper(II) complexes were prepared according to literature procedures [16] and their characterization (elemental analysis and FTIR) confirmed the formulation. The copper bis-hexafluoroacetylacetonate complex may be obtained as the dark blue-violet anhydrous, the blue-green [Cu(HFacac) 2 (H 2 O)] or the yellow-green [Cu(HFacac) 2 (H 2 O) 2 ] complex [13, 17] . The assignment of the number of water molecules for the prepared complex is not straightforward: the color (yellow-green) suggests the presence of two water molecules, however the carbon content (24.3%) fits the [Cu(HFacac) 2 (H 2 O)] formulation (theoretical value 24.3%), which was the one used throughout the work.
The electronic absorption spectra of the complexes were measured in organic solvents and the obtained spectra are included in Supporting Information (SI). Being a d 9 metal ion, copper is subject to Jan-Teller distortion. In square planar or octahedral complexes the unpaired electron occupies the d x2Ày2 orbital, which has its lobes pointing directly to the equatorial ligands, along the x and y axes of the molecule. The absorption spectra of the compounds shows 2 or 3 bands in the Vis region (in some cases they are overlapped) which can be attributed to the promotion of the electrons in the lower energy orbitals to the hole in d x2Ày2 orbital of the copper(II) ion. We tried to correlate the low energy absorption maximum with the Kamlet-Taft [18] [19] [20] [21] (KT) solvent parameters. Although in most cases the fitting parameters were not satisfactory, there were clear correlations with b, the hydrogen bond basicity, for [Cu(HFacac) 2 ] , which is known for becoming 5 or 6-coordinated in donating solvents:
In ionic liquids no clear correlation with the KT solvent parameters was observed. This suggests that either the solvation process depends on several parameters (and as the number of solvents used was limited, it was not possible to obtain any correlation with more than one parameter) or that the presence of different amounts of residual water in the ionic liquids affects its solvation properties, and therefore the KT parameters, which has been shown by other authors [22] [23] [24] . Fig. 1 shows the absorption spectra obtained for complex [Cu(HFacac) 2 2 ] is only soluble in the ILs containing the anions with the higher coordinating power, e.g. NðCNÞ À 2 [8] . The fluorinated complex is sparingly soluble in a wide range of ILs. Therefore, the most solvatochromic complex in the selected ILs is [Cu(HFacac) 2 (H 2 O)], for which a variation of ca. 190 nm in the position of the absorption maximum for the lower energy band was observed. Table 1 presents the data, which is included in graphical form in the supporting information.
EPR in organic solvents
The EPR spectra of [Cu(acac) 2 ] (1) in organic solvents were measured both at room temperature and 77 K, while those of [Cu(HFacac) 2 (H 2 O)] (2) were measured only at 77 K. All spectra were simulated using a program developed by Rockenbauer and Korecz [25] . The EPR spectra measured at room temperature for [Cu(acac) 2 ] (see SI) present the expected four-line pattern and the line widths change with the nuclear quantum number (m I ), with the high field line being narrower and more intense than the lower field lines. In some solvents the isotropic spectra from the monomer is superimposed on an isotropic singlet (DMs = ± 1) from copper clusters (e.g. in DMSO). The inclusion of this ''background'' signal in the simulation improved the quality of the fit. Table 2 presents the spin Hamiltonian parameters obtained. The values are in good agreement with data from the literature [26] and it was possible to correlate the spin Hamiltonian isotropic parameters (g iso and A iso ) with the solvent basicity (b) (see SI):
In general, the higher the solvent basicity, the longer the CuAO bonds and therefore the higher the electron density in the copper ion, which leads to an increase in the g-value and a decrease in the hyperfine coupling constant, A, as expected. [14] .
The anisotropic EPR spectra obtained at 77 K are better resolved and more informative. Most of the EPR spectra were simulated assuming rhombic symmetry for the g and A tensors. The line shape was described as Gaussian (in most cases) and the line widths as dependent, i.e. the line width changes with the orientation (parallel or antiparallel direction) and with the nuclear quantum number. Figures with the simulated and experimental spectra are included in the supporting information section. For both complexes it was possible to observe hyperfine coupling in the perpendicular region, in most organic solvents. Also, the low-field peak (m I = À3/2 || ) is split in two, due to the two Cu isotopes ( 63 Cu and 65 Cu, with natural abundances of 69% and 31%, respectively), which have slightly different nuclear gyromagnetic ratios and the same nuclear spin (3/2). The low A z value found for [Cu(acac) 2 ] in pyridine, confirms coordination of this solvent in the apical position. The isotropic Hamiltonian parameters calculated using the formulae A iso = (A x + A y + A z )/3 and g iso = (g x + g y +g z )/3 agree reasonably well with the ones determined at room temperature. The EPR spectra measured for [Cu(HFacac) 2 (H 2 O)] (2) in organic solvents show, in general, lower A z values and higher g z values, than the [Cu(acac) 2 ] (1) complex, in agreement with longer CuAO bonds, and higher ability to coordinate solvent molecules in the apical positions. This is due to the high electronegativity of the fluoro atoms, which decreases the electron density at the copper ion. Table 2 also includes an empirical parameter, developed by Sakaguchi and Addison [27] known as the tetrahedral distortion index, which can be obtained by dividing g z by A z (in cm À1 ). Values within 100-135 cm suggest a square planar geometry and the larger the ratio the higher the tetrahedral distortion. This can be represented in a plot of A z vs. g z , which is shown in Fig. 2 , for the two complexes in ionic liquids and molecular organic solvents, and for complexes with O 4 coordination (taken from Ref. [27] ). Complexes with high tetrahedral distortion are the ones shown on the right bottom side of the graph. It is clear that the fluorinated complex 2 shows higher tetrahedral distortion than [Cu(acac) 2 ], in most solvents.
EPR in ionic liquids
The X-band EPR spectra of the two complexes in a series of ionic liquids containing mostly imidazolium cations and anions with different coordinating abilities, were measured at 77 K. Figs. 3 and 4 exhibit the EPR spectra of these complexes obtained in the ILs and Fig. 5 exhibits an example of an experimental and a simulated spectrum: [Cu(acac) 2 ] in bmimOAc (others are included in SI). The EPR spectra of [Cu(acac) 2 ] observed in bmimBF 4 and bmimMeSO 4 show the presence of two species. Its parameters were obtained by simulation and the species with A z $152 Â 10 À4 cm À1 probably corresponds to the square planar [Cu(acac) 2 ] complex and the other to a solvolysis species. For [Cu(HFacac) 2 (H 2 O)] (2), two species were also observed in bmimNTf 2 and bmpyNTf 2 , and we assign the species with A z $152 Â 10 À4 cm À1 to the square planar complex, but the other species must correspond to different types of complexes since its parameters are very different. However, with the available data we cannot propose an assignment.
The spectra of [Cu(HFacac) 2 (H 2 O)] (2) show the low field splitting due to the two copper isotopes in most ILs; they were simulated as rhombic; and they show hyperfine splitting in the perpendicular region of the spectra. For complex 1, if we exclude the spectrum in pyridine, in which the low A z and high g z values suggest coordination of the solvent in the apical positions, we can observe higher g z and lower A z values in ionic liquids than in organic solvents. This is consistent with longer CuAO bonds, and higher electron charge in the copper ion in the ionic liquids, suggesting coordination of the ionic liquid anions. For the fluorinated Table 2 Spin Hamiltonian parameters of the copper complexes. Obtained by simulation of the spectra.
Solvent complex 2 the opposite is observed. While in molecular organic solvents the A z values vary between 127 and 141 Â 10 À4 cm À1 , in ionic liquids the A z values are higher than 152 Â 10 À4 cm À1 (excluding one of the species found in bmpyNTf 2 ). This suggests that in ionic liquids there is no coordination of the anions and that the complex is tetrahedrically distorted. This is easily observed in Fig. 2 since most points from the data obtained with [Cu(HFacac) 2 (-H 2 O)] fall in the lower right corner.
Electrochemical characterization of the complexes
Cyclic voltammograms of the pure ILs bmimBF 4 and bmimNTf 2 using a platinum disk working electrode (d = 1 mm), at room temperature, were carried out and a broad reduction wave was observed at ca. À1.9 V vs. FcH/FcH + , probably due to the reduction of the bmim + cation to carbene, that could be followed by dealkylation and dimerization reactions [28] . Upon scan reversal, following the cathodic process, a new oxidation wave was observed at E p = 0.5 V vs. FcH/FcH + , corresponding to the oxidation of a species formed at the cathodic process. No oxidation wave was observed up to 1.8 V, when starting the cyclic voltamogram with the anodic scan. This behavior shows that bmimBF 4 and bmimNTf 2 are electrochemically stable in a wide potential range, suitable for the investigation of complexes 1 and 2, in accordance with previous observations [29] .
Complexes [Cu(acac) 2 ] 1 and [Cu(HFacac) 2 (H 2 O)] 2 exhibit by cyclic voltammetry, at a platinum electrode and room temperature ( Table 3) , one first irreversible reduction process (wave I red ) at I E red p = À0.99 or À0.73 vs. FcH/FcH + , for 1 or 2, respectively, in bmimNTf 2 (Fig. 6 for 2) . In bmimBF 4 , the wave occurs at I E red p = À1.08 or À0.79 V vs. FcH/FcH + , for 1 or 2, respectively. This first cathodic wave is followed, at a lower potential, by a second irreversible one (wave II red ) at II E red p = À1.37 or À1.26 V vs. FcH/ FcH + for 1 or 2, respectively, in bmimNTf 2 . In bmimBF 4 , this second reduction wave is observed at I E red p = À1.57 or À1.33 V vs. FcH/FcH + for 1 or 2, respectively. For complexes 1 and 2 the two cathodic processes (I red and II red ) are believed (see also below, the behavior in an organic solvent) to correspond to the Cu II ? Cu I and Cu I ? -Cu 0 reductions. Electrochemical reduction of simple Cu II halide salts in mixed (20:1, v:v) bmimPF 6 /bmimCl [30] , in 1-butyl-3methylimidazolium bromide (bmimBr) [31] , or in chloroaluminate ionic liquids (on glassy carbon or tungsten electrodes) [32] is also known to occur in two distinct single-electron cathodic waves.
Upon scan reversal following the cathodic processes, anodic irreversible waves are detected (range of ca. À0.5 to 0.8 V vs. FcH/FcH + ) on account of the oxidation of reduced species formed in the former processes (see Fig. 6 for complex 2 in bmimNtf 2 , where an anodic dissolution wave of deposited copper formed at the reduction process is clearly observed).
The two complexes show a higher resistance to reduction (reductions occur at more cathodic potentials) in bmimBF 4 relatively to bmimNTf 2 , probably due to the considerable coordination power of the BF À 4 anion, higher than that of NTf À 2 (lower basicity), which may increase the electron richness at the metal center.
The higher (less cathodic) reduction potential values observed for 2 in comparison with those of 1, in both ILs, is consistent with the weaker electron-donor character of the fluorinated HFacac ligand in comparison with acac. In fact, the value of the electrochemical Lever E L parameter (a measure of the electron-donor ability of a ligand [33] [34] [35] [36] [37] [38] , the stronger that character the lower E L ) for HFacac (E L = 0.17 V) [35] is higher than that for acac (E L = -À0.08 V) [35] .
The redox properties of 1 and 2, for comparative purposes, have also been investigated by cyclic voltammetry, in an organic solvent, i.e., in 0.2 M [ n Bu 4 N][BF 4 ]/(CH 2 Cl 2 or acetonitrile) solutions, and the measured redox potentials (in V vs. FcH/FcH + ) are also given in Table 3 . They show one irreversible reduction process (wave I red , Fig. 7 for 2, in CH 2 Cl 2 ) at I E red p = À1.61 or À0.74 V vs. FcH/FcH + for 1 or 2, in CH 2 Cl 2 (and at I E red p = À1.57 or À0.92 V vs. FcH/FcH + for 1 or 2, in acetonitrile). Moreover, a second irreversible reduction process is observed at ca. À1.56 V vs. FcH/FcH + for complex 2, in CH 2 Cl 2 . For complex 1 (in CH 2 Cl 2 and NCMe, see Fig. 8 ) and for 2 (in NCMe), the second cathodic waves are detected, conceivably being buried under the solvent/electrolyte discharge, in view of their expected very low reduction potentials. Two distinct cathodic waves attributed to the successive Cu II ? Cu I and Cu I ? Cu 0 reductions were also observed in organic solvents for other copper(II) bdiketonate chelates [39] [40] [41] and for copper(II) complexes with 3-(ortho-substituted phenylhydrazo)pentane-2,4-diones [42] .
The acetonitrile solution of complex 1 exhibits two irreversible oxidation waves (see Fig. 8 ) at the potential values of 1.09 and 1.55 V vs. FcH/FcH + , the former conceivably concerning the Cu II ? Cu III oxidation. Metal-centred Cu II ? Cu III oxidations have been observed in organic solvents for other copper(II) complexes, such as [(py)Cu(l 2 -OOCCH 2 C 6 H 4 R) 4 Cu(py)] (R = para-NO 2 , para-CH 3 ; py = pyridine) [43] and [Cu(salacopd)]Cl 2 [salacopd = 14-membered macrocyclic 2,4,9,11-tetramethyl-6,7-13,14-dibenzo-1,5,8,12-tetraaza-3,10-bis(salicylidene)cyclotetradeca-1,4,8,11-tetraene] [44] .
Exhaustive controlled-potential electrolyses to measure the number of electrons involved in each redox process was not possible due to fast electrode passivation.
Overall, we can conclude that both complexes are easier to reduce in bmimNTf 2 , than in bmimBF 4 , and are easier to reduce in these ionic liquids than in common organic solvents (CH 2 Cl 2 , acetonitrile). To explain these observations it would be necessary to determine diffusion coefficients and solubility of the complexes in the ionic liquids, however, this was outside the scope of our work. Nonetheless, low viscosity and high solubility facilitate reduction of the complexes in ionic liquids, which accounts for the easier reduction observed in bmimBF 4 , when compared to bmimNTf 2 , since the viscosity of bmimNTf 2 is lower than that of bmimBF 4 . When comparing ionic liquids to the molecular solvents, other factors should be responsible for the observations made. The species with lower oxidation states are stabilized in ionic liquids, which might be due to interaction with the ionic liquid cation.
Conclusions
The structural characterization done by spectroscopic and electrochemical techniques evidences the influence of the ionic liquid anion in the solvation of the complexes. Overall, the EPR spectra obtained for [Cu(acac) 2 ] indicate longer CuAO bonds, and higher electron charge in the copper center in the ionic liquids, suggesting coordination of the ionic liquid anions. For [Cu(HFacac) 2 (H 2 O)] the higher A z values observed in ILs, when compared to organic solvents suggest that in ionic liquids there is no coordination of the anions and that the complex is simply tetrahedrically distorted.
The electrochemical studies show that the neutral copper complexes are easier to reduce in bmimNTf 2 than in bmimBF 4 , probably due to the considerable coordinating ability of the BF À 4 anion or to the lower viscosity of the ionic liquid containing NTf À 2 . In both ILs and common organic solvents (CH 2 Cl 2 or NCMe) the complexes undergo irreversible reductions to Cu(I) and Cu(0) species, but, in ILs, they are usually easier to reduce (less cathodic reduction potentials) than in the organic solvents. For Cu(HFacac) 2 H 2 O this is in agreement with the EPR observations, since they also point to lower electronic charge at the Cu center in ILs. Other explanations may include stabilization of the reduced species by interaction with the ionic liquid cation.
Experimental
Materials and reagents
All chemicals used were of analytical reagent grade. 1-Methylimidazole was purchased from Acros Organics and distilled over potassium hydroxide; 1-chlorobutane was purchased from Acros Organics and distilled over phosphorus pentoxide. Lithium bis(trifluoromethylsulfonyl)imide [Li(NTf 2 )] and lithium trifluoromethanesulfonate [Li(OTf)] were purchased from Apollo Scientific and used as received. All syntheses and sample preparations were performed under anaerobic conditions using standard Schlenk techniques. The preparation and spectral data of the ionic liquids have been described elsewhere. The water content of the ionic liquids was measured by Karl Fischer titration, after drying for 48 h in vacuum at 50°C. The values were: 360 ppm for bmimNTf 2 , 145 ppm for bbimNTf 2 , 280 ppm for bmpyNTf 2 , 1370 ppm for bmi-mOTf, 1570 ppm for bmimBF 4 , 150 ppm for bmimPF 6 , 1200 ppm for bmimMe 2 PO 4 , 1600 ppm for bmimOAc, 400 ppm for bmim-MeSO 4 and 3100 for bmimN(CN) 2 . 
Synthesis of the complexes
Instruments
1 H NMR spectra were recorded using a Bruker 300 or 400 MHz spectrometer. UV-Vis spectra were recorded using a Perkin-Elmer UV-visible Lambda 35 spectrophotometer and the temperature was controlled with a Peltier controller from Perkin-Elmer. The EPR spectra were recorded either at 77 K (on glassy samples made by freezing solutions in liquid nitrogen) or at room temperature using a Bruker ESP 300E X-band spectrometer.
Cyclic voltammetry
All manipulations were performed under an atmosphere of nitrogen using standard vacuum and inert-gas flow techniques. The organic solvents, acetonitrile and dichloromethane, were purified by standard procedures and freshly distilled immediately prior to use. Solutions of five different concentrations of the Cu(II) complex 2 (1, 5, 10, 20 and 40 mM) in bmimNTf 2 and bmimBF 4 ionic liquids, were studied by cyclic voltammetry. Poor solubility was observed for complex 1 in both ionic liquids. The electrochemical experiments were performed on an EG&G PAR 273A potentiostat/ galvanostat connected to a personal computer through a GPIB interface. All experiments were carried in a glass CV cell that was continuously purged with nitrogen. Cyclic voltammograms were obtained in 0.2 M [ n Bu 4 N] [BF 4 ]/CH 2 Cl 2 (or acetonitrile) solution, and in bmimNTf 2 or bmimBF 4 ionic liquids, using a platinum disk working electrode (d = 1 mm), at room temperature. A Luggin capillary connected to a silver wire pseudo-reference electrode was used to control the working electrode potential, and a Pt wire was employed as the counter-electrode. The redox potentials of the complexes were determined by cyclic voltammetry in the presence of ferrocene as the internal standard, and their values are given relative to [Fe(g 5 -C 5 H 5 ) 2 ] 0/+ (FcH/FcH + ) redox couple. For their conversion to the SCE reference, one can use the following oxidation potentials of FcH/FcH + : E ox 1=2 = 0.525 V vs. SCE (in CH 2 Cl 2 ) or 0.45 V vs. SCE (in acetonitrile) [45, 46] .
